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Abstract: We present a phase diagram as a function of disorder in three-dimensional NbN thin 
films, as the system enters the critical disorder for the destruction of the superconducting state. 
The superconducting state is investigated using a combination of magnetotransport and tunneling 
spectroscopy measurements. Our studies reveal 3 different disorder regimes. At low disorder 
(kFl~10-4), the system follows the mean field Bardeen-Cooper-Schrieffer behavior where the 
superconducting energy gap vanishes at the temperature where electrical resistance appears. For 
stronger disorder ( kFl<4 ) a “pseudogap” state emerges where a gap in the electronic spectrum 
persists up to temperatures much higher than Tc, suggesting that Cooper pairs continue to exist in 
the system even after the zero resistance state is destroyed. Finally, at even stronger disorder 
(kFl<1) the global superconducting ground state is completely destroyed, though superconducting 
correlations continue to survive as evidenced from a pronounced magnetoresistance peak at low 
temperatures.   
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I. Introduction 
 In recent years, the effect of strong disorder in conventional s-wave superconductors has 
attracted renewed attention, motivated by the observation of novel electronic phases close to the 
critical disorder where superconductivity gets destroyed. In the low disorder limit, based on 
Bardeen-Cooper-Schrieffer (BCS) theory, Anderson1 postulated that the superconducting 
transition temperature (Tc) of a superconductor will remain unchanged. However, subsequent 
measurements on a wide variety of systems2,3,4,5,6,7,8 showed that as the disorder level is increased 
towards the strong disorder limit, Tc gradually decreases, eventually leading to a non-
superconducting ground state. It is now understood that superconducting correlations continue to 
play a dominant role in the electronic properties even after the global superconducting ground 
state is completely destroyed. These correlations manifest through several phenomena: A giant 
peak in the magnetoresistance in strongly disordered superconducting films9,10,11,12,13, the 
persistence of magnetic flux quantization in strongly disordered Bi films even after the film is 
driven into an insulating state14, finite high-frequency superfluid stiffness above the 
superconducting transition temperature15, and more recently, the observation of a pronounced 
“pseudogap” in the electronic spectra of several strongly disordered superconductors16,17,18 which 
persists up to temperatures many times Tc. These observations lead to the obvious question on 
whether strong disorder can destroy the superconducting state without suppressing the 
underlying pairing interactions, leading to electronic states with finite Cooper pair density but no 
global superconductivity.   
 The suppression of superconductivity in the presence of strong disorder is driven by two 
distinct, but not mutually exclusive effects. The first effect results from the increase in electron-
electron (e-e) Coulomb repulsion caused by a loss of effective screening19,20, which partially 
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cancels the electron-phonon mediated attractive pairing interaction. The second effect comes 
from the decrease in superfluid density (ns) induced by disorder scattering21 in the presence of 
strong disorder. Since reduced ns and the loss of effective screening, both render the 
superconductor susceptible to quantum and classical phase fluctuations22, enhanced phase 
fluctuations can destroy the superconducting state even when the pairing amplitude remains 
finite23. While both these mechanisms have been invoked to explain different sets of 
experimental observations, a hierarchical scheme to understand the relative importance of these 
effects at different levels of disorder is at present lacking. 
 In this paper, we address this issue through a combination of magnetotransport and 
tunneling measurements on three-dimensional NbN thin films (with thickness much larger than 
the dirty limit coherence length, ξ) grown through reactive magnetron sputtering. The disorder is 
tuned by controlling the level of Nb vacancies in the lattice, which is controlled by changing the 
Nb/N ratio in the plasma. For each film, we characterize the effective disorder through kFl, where 
l is the electronic mean free path and kF is the Fermi wave vector. The disorder in this set of 
films spans a wide range, from the moderately clean limit (kFl~10) down to kFl~0.4. 
Consequently, the normal state resistivity (ρ) at low temperatures varies by 5 orders of 
magnitude, and Tc ranges from 17K in the cleanest sample to <300mK for the samples with 
kFl<1. Our study reveals three different regimes: At moderate disorder (10 > kFl > 4), Tc starts 
getting gradually suppressed but the system continues to follow conventional BCS behavior 
where the superconducting energy gap disappears at the temperature where resistance appears. 
For stronger disorder (4 > kFl > 1), a “pseudogap” state emerges where a gap in the electronic 
energy spectrum persists up to a temperature T*>>Tc. Finally at even stronger disorder (kFl < 1) 
we obtain a non-superconducting state, characterized by a pronounced peak in the 
4 
 
magnetoresistance at low temperatures. Based on these observations we construct a phase 
diagram which clearly delineates the relative importance of different mechanisms at different 
levels of disorder. 
II. Experimental Details 
 Epitaxial thin films of NbN were grown using reactive magnetron sputtering on (100) 
oriented single crystalline MgO substrates, by sputtering a Nb target in Ar/N2 gas mixture. The 
thickness of all our films, measured using a stylus profilometer was t50nm, which is much 
larger than the dirty-limit coherence length24 (ξ ~ 4-8 nm) in the superconducting state. Thus 
from the point of view of superconducting fluctuations all our samples are effectively in the 3-
dimensional limit. The effective disorder, resulting from the amount of Nb vacancies in the NbN 
crystalline lattice, was controlled by controlling the sputtering power and/or the Ar/N2 gas 
mixture both of which effectively changed the Nb/N ratio in the plasma. Details of synthesis and 
structural characterization of the films have been reported elsewhere25,26,27. 
 Resistance (R), magnetoresistance (MR=(ρ(H)-ρ(0))/ρ(0)) and Hall effect measurements 
were performed using standard four-probe techniques from 285K down to 300mK using either a 
conventional 4He or 3He cryostat up to a maximum field of 12T. For each film, kFl was 
determined from ρ and Hall coefficient (RH) measured at 285K using the free electron formula,
( ) ( )[ ]{ } ( )[ ]3/53/13/22 2852853 eKKRlk HF ρpi h= , where ħ is Plank’s constant and e is the electronic 
charge. RH was calculated from the Hall voltage deduced from reversed field sweeps from 12T to 
-12T after subtracting the resistive contribution. We would like to note that while in a non-
interacting scenario kFl could provide a unique measure of electronic disorder, e-e interactions 
can significantly alter this scenario. We therefore calculate kFl from RH and ρ measured at the 
highest temperature of our measurements (285K) where the effect of e-e interactions is expected 
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to be small28. The upper critical field (Hc2) for several samples was measured from either 
ρ(Τ)−Τ scans at different magnetic fields (H) or ρ(Η)−Η scans at different temperatures (with H 
perpendicular to the plane of the film).  
 Scanning tunneling spectroscopy (STS) measurements were performed using a home-
built, high-vacuum, low-temperature scanning tunneling microscope29 (STM) operating down to 
2.6K. The samples used in STS measurements were grown in-situ, in a sputtering chamber 
connected to the STM. A pair of horizontal and vertical manipulators was used to transfer the 
sample from the growth chamber to the STM without exposing to air. The tunneling density of 
states (DOS) was extracted at various temperatures, from the measurement of tunneling 
conductance ( ( ) 





=
dV
dIVG ) as a function of voltage (V) between the sample and a Pt-Ir tip 
using a lock-in based voltage modulation technique operating at 312Hz and a modulation voltage 
of 100µV.  
III. Results  
We first summarize the evolution of the zero field transport properties with disorder. 
Figure 1(a) shows ρ-T for NbN films with kFl ranging from 10.12 to 0.42. All samples, other 
than the one with kFl~10.12 show a negative temperature coefficient26 of ρ. For samples with 
kFl>1, Tc (defined as the temperature where resistance reaches 1% of its normal state value) 
varies from 16K to <300 mK with increasing disorder. The samples with kFl<1 remain non-
superconducting down to 300 mK. Figure 1(b) shows the variation of Tc with kFl. We observe 
that Tc0 as kFl1.The carrier density (n) at 285K (n=1/(eRH(285K)) and the normal state 
resistivity (ρ(285K)) for all samples are shown in Figure 1(c). In the same graph we also plot the 
maximum resistivity, ρm (taken as the peak value of ρ before the onset of the superconducting 
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 transition for kFl>1 and ρ at 300mK for kFl<1) which varies by 5 orders of magnitude 
from 0.5 µΩ m to 15000 µΩ m over the entire range of disorder. In this context we would like to 
note that while kFl~1 is usually associated with the Anderson metal-insulator transition, such a 
classification is not straightforward in a disordered electronic system where electron-electron 
interactions can play a significant role. For our films with kFl <1, the conductivity (σ=1/ρ) 
increases linearly with temperature (Figure 1(d)) and shows a small positive intercept when 
extrapolated to T0, typical of a “bad” metal30. In our opinion, the bad metallic behavior 
observed for kFl<1 reflects the inaccuracy associated with the determination of this parameter 
based on free-electron formula, in a system where e-e interactions arising from the diffusive 
motion of the electrons could be important. We have observed remarkable consistency between 
the ρm, Tc and n for different films grown over a period of more than two years   
In order to explore the superconducting state, STS measurements were performed on 
several films with different levels of disorder. The measurement was performed by recording 
G(V) vs. V on 32 equally spaced points along a 150nm line at different temperatures, which 
allowed us to obtain information on both the temperature evolution as well as the spatial 
variation of the tunneling DOS in the sample. Figure 2(a-f) shows the normalized conductance, 
G(V)/GN (where GN=G(Và∆/e)) as a function of V, averaged over the 32 points, at different 
temperatures for 6 samples with different disorder. For the first three samples (Fig. 2(a-c)) where 
the lowest temperature of measurement is less than Tc, the conductance spectra show a dip at 
V=0 and two symmetric peaks as expected from BCS theory. This feature is also observed in the 
next two disordered samples (Fig. 2(d-e)) where the lowest temperature of our measurements is 
higher than Tc. The most disordered sample (Tc`300 mK) shows a dip in G(V) for Vd2 mV 
which rides over a broader “V” shaped background which extends up to high bias. This nearly 
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temperature independent broad background, is observed for all our samples and persists up to the 
highest temperature of our measurements. It arises from Altshuler-Aronov type electron-electron 
interactions and becomes more pronounced for samples with higher disorder31. In order to isolate 
the feature associated with superconductivity, for each sample, we subtract this background 
using the spectra at the temperature above which the low-bias feature associated with 
superconductivity disappears (shown as thick lines). The background corrected conductance 
spectra (Gsub(V) vs. V), normalized at high bias, are shown in Figure 2(g-l). In the Gsub(V) vs. V 
spectra, the broadened coherence peaks are visible in all the samples. In Fig. 3(a-f) we plot the 
temperature evolution of Gsub(V) in the form of an intensity plot (averaged over 32 points as in 
Figure 2), as a function of temperature and bias voltage, for films with different disorder. The 
lower panel of each plot shows the R-T measured on the same films. For the most ordered film 
(Tc~11.9K), the features in the tunneling DOS associated with superconductivity disappear at Tc, 
thereby restoring a flat metallic DOS for T>Tc. However with increase in disorder, the low-bias 
dip in Gsub(V) vs. V spectra continues to persist up to a characteristic temperature T*>Tc. It is 
interesting to note that the pseudogap temperature (T*) remains almost constant for samples with 
Tcd6K. Figure 4(a-f) shows the spatial variation of Gsub(V) recorded at the lowest temperature 
along a 150 nm line for each sample. While the zero bias dip and the two symmetric peaks are 
uniform over the entire line for the sample with Tc~11.9K, the superconducting state becomes 
progressively inhomogeneous with increase in disorder. For the two most disordered samples, for 
which Tc is smaller than the base temperature of our STM, the local DOS in the pseudogap state 
shows superconducting domains, few tens of nanometers in size, separated by regions where the 
superconducting feature is completely suppressed. A similar situation is also observed in other 
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samples in the temperature range Tc<T<T*. This is shown in Figure 5 where we show the spatial 
variation of Gsub(V) at different temperatures for a sample with Tc~2.7K.  
 Finally, we focus our attention on the magnetotransport properties in the strong disorder 
limit. Figure 6(a) shows ρ-H at different temperatures for the most disordered film with kFl~0.42. 
ρ-H shows a pronounced peak at a characteristic field (Hp) which gradually disappears with 
increase in temperature. In the most disordered sample the resistance at 12T is smaller than the 
corresponding zero field value. This peak becomes less pronounced (Fig. 6(b-c)) as the disorder 
is reduced and completely disappears for films with kFlt1. It is interesting to note that the peak 
in ρ-H disappears at a temperature which is close to T* for the most disordered sample on which 
STS was performed (Fig. 6 (e)-(f)). For the film with kFl~1.23 which has Tc~0.6K (Fig. 6(d)), at 
300mK, ρ increases monotonically with H, exhibiting a broad transition to the normal state as 
expected for a strongly disordered sample. As expected, for this sample, a positive MR is 
observed even at T>>Tc originating from superconducting fluctuations which persist above Tc. 
 Figure 7 summarizes the evolution of the superconducting state as a function of disorder 
in the form of a phase diagram, where we plot Tc and T*as a function of kFl. This phase diagram 
brings out three distinct regimes of disorder: (i) The intermediate disorder regime (marked as I), 
where the superconducting state is characterized by a single energy scale, Tc; (ii) the strongly 
disordered regime (marked as II), which is characterized by the emergence of a second energy 
scale, T*>Tc, up to which the superconducting energy gap persists in the tunneling spectrum; and 
(iii) an even more strongly disordered regime (marked as III) (kFl < 1), which does not exhibit 
any superconducting transition, but exhibits a pronounced peak in the MR which disappears at 
temperatures close to T*. In the next section we will discuss the various mechanisms that 
contribute to these behaviors. 
9 
 
IV. Discussion 
 Before discussing how different energy scales emerge in a superconductor with increase 
in disorder, we briefly summarize the mechanisms responsible for the destruction of 
superconductivity. The superconducting state is characterized by a complex order parameter
φie∆=Ψ , where |∆| is a measure of the binding energy of the Cooper pairs and φ is the phase of 
the macroscopic condensate.  It is important to note that a finite |∆| manifests as a gap in the 
electronic energy spectrum, whereas the zero resistance state results from the phase coherence of 
the Cooper pairs over all length scales. The first route, through which superconductivity can get 
suppressed, is by a decrease in |∆| caused by a weakening of the pairing interactions. In such a 
situation, Tc will get suppressed but the superconductor will continue to follow conventional 
BCS behavior with the superconducting energy gap disappearing at Tc. However, a second, less 
explored route for the suppression of Tc is through a decrease in the phase stiffness22,32. When the 
phase stiffness becomes sufficiently small the superconducting state will get destroyed due to a 
loss of global phase coherence resulting from thermally excited phase fluctuations, leaving 
pairing amplitude (|∆|) finite above Tc. In such a situation the superconducting energy gap will 
continue to persist for TpTc, till a temperature is reached where the pairing amplitude also 
vanishes.  
    In region I of the phase diagram, Tc monotonically decreases with increase in disorder, 
but continues to follow conventional BCS behavior. Therefore, we expect the decrease in Tc to 
be caused by a weakening of the pairing interaction. This weakening can result from two effects. 
First, with increase in disorder, the diffusive motion of the electron results in an increase in the 
repulsive e-e Coulomb interactions19, which partially cancels the phonon mediated attractive 
pairing interaction. It is interesting to note that some of the early works attributed the complete 
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suppression of superconductivity in several disordered superconductors5,6, solely to this 
effect19,20. The second effect comes from the fact that disorder, in addition to localizing the 
electronic states close to the edge of the band also increases the one electron bandwidth33, 
thereby decreasing the density of states (N(0)) close the middle of the band. While this effect 
alone cannot result in complete suppression of superconductivity, it can have a noticeable effect 
in the intermediate disordered regime34. Both these effects are captured at a qualitative level 
using the modified BCS relation35, 





−
−Θ=
*)0(
1
exp13.1
µVN
T Dc  , where ΘD is a temperature 
scale of the order of Debye temperature, V is the attractive electron-phonon potential and µ* is 
the Coulomb pseudopotential which accounts for the disorder enhanced e-e interactions. While 
the available theoretical model on the dependence of the µ∗ on disorder in a 3-D superconductor 
is currently not developed enough to attempt a quantitative fit of our data, the combination of the 
two effects mentioned above qualitatively explains the suppression of Tc in region I, where the 
superconducting energy gap in the tunneling DOS vanishes exactly at Tc. 
 As the disorder is further increased, the superconductor enters regime II, which is 
characterized by two temperature scales, namely, Tc, which corresponds to the temperature at 
which the resistance appears and T*, which corresponds to the temperature at which the 
superconducting energy gap disappears. Tc continues to decrease monotonically with increasing 
disorder, whereas T* remains almost constant36 down to kFl~1, where the superconducting 
ground state is completely destroyed. It would be natural to ascribe these two temperature scales 
to the phase stiffness of the superfluid (J) and the strength of the pairing interaction (|∆|) 
respectively. J can be estimated using the relation22,  
J=(ħ2ans)/(4m*),                                                              (1) 
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where a is the length scale over which the phase fluctuates and m* is the effective mass of the 
electron. A rough estimate of J is obtained from ns derived from the low temperature penetration 
depth16 (λ(T0)) and setting a ≈ ξ. In conventional “clean” superconductors, J is several orders 
of magnitude larger than |∆|, and therefore phase fluctuations play a negligible role in 
determining Tc. However, disorder enhanced electronic scattering decreases ns, thereby rendering 
a strongly disordered superconductor susceptible to phase fluctuations. In Figure 8, we 
summarize the values of J for NbN films with different Tc estimated from eqn. (1) using 
experimental values of ns measured from penetration depth (ref. 16) and the values of ξ obtained 
from the upper critical field, Hc2 (ref.24)). Apart from some small numerical factor of the order 
of one arising from the choice of the cut-off a ≈ ξ in eqn. (1), we see that while for the samples 
in regime I, JpkBTc such that phase fluctuations are irrelevant, as we enter regime II, JdkBTc. 
Moreover, the crossover from regime I to regime II occurs on the same samples where we 
observe a deviation of nS(T) from the dirty-limit BCS theory, both at zero temperature and finite 
T (Ref. 16). Both effects can be attributed to phase fluctuations in the presence of disorder. As it 
has been recently discussed in Ref. 37, as disorder increases, the superfluid stiffness is lower 
than in the dirty-BCS scenario since the phase of the superconducting order parameter relaxes to 
accommodate to the local disorder, leading to an additional paramagnetic reduction of the 
superfluid response of the system. At the same time the enhanced dissipation lowers the 
temperature scale where longitudinal phase fluctuations can be excited, leading to a linear 
decrease of ns(T) in temperature, as observed in our samples16. In light of these observations, we 
therefore conclude that the superconducting state in strongly disordered NbN samples is 
destroyed at Tc due to phase fluctuations between superconducting domains that are seen to 
spontaneously form in our STS data (Fig.4 and Fig.5). However, even above this temperature, |∆| 
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remains finite due to phase incoherent Cooper pairs which continue to exist in these domains. 
The relative insensitivity of T* to disorder and the gradual decrease in Tc suggests that increase in 
phase fluctuations is responsible for the decrease in Tc in this regime, while the pairing amplitude 
remains almost constant. Eventually, at a critical disorder (kFl≈1), the superconducting ground 
state is completely suppressed by quantum phase fluctuations, that are themselves enhanced by 
disorder. The overall physical picture and the phase diagram obtained in our experiments share 
many analogies with recent theoretical calculations on disordered superconductors34,37,38. 
 As the disorder in increased further, we enter regime III, where all samples remain non-
superconducting down to 300 mK. This phase is characterized by a peak in the MR which is a 
hallmark of several strongly disordered superconductors9,10,11,12,13. Since the pairing amplitude 
remains finite down to the critical disorder where Tc0, it is expected that superconducting 
correlations will continue to play a significant role in this regime. The superconducting origin of 
the MR peak is suggested from the fact that it vanishes at temperatures close to T* measured 
from STS in samples in regime II. Numerical simulations39 (in 2D) also indicate that the non-
superconducting state could comprise of small superconducting islands, where quantum phase 
fluctuations between these islands prevent the establishment of global superconducting order. It 
has been shown that such an inhomogeneous scenario40,41,42 can give rise to the non-monotonic 
variation of ρ-H. At low fields, the increase in ρ reflects the gradual decrease in superconducting 
paths for the current to flow due to the shrinkage in the size of the superconducting droplets. 
However, at high fields when the superconducting islands become very small the 
superconducting regions are avoided by the current and the decrease in resistance is caused by 
the gradual increase in normal regions through which the current flows43.  In such a scenario, Hp 
is associated with the mean value of magnetic field where superconducting correlations are 
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almost destroyed in the sample. Hp is therefore expected to evolve smoothly from Hc2 in the 
superconducting state as one enters Regime III from Regime II. To verify this we compare Hp 
measured at 300 mK for samples with kFl<1 with Hc2(0) for samples with kFl>1. For the samples 
with Tc<5K Hc2(0) is determined from ρ-H scans, at the field where ρ reaches 90% of its normal 
state value at the lowest temperature of our measurements. For films with higher Tc, Hc2(0) was 
estimated from the temperature variation of Hc2(T) close to Tc, using the dirty-limit formula44, 
( )
cTTccc
dTdHTH
=
= )(69.00 22 . Figure 9 shows the evolution of Hc2(0) and Hp as a function of 
kFl. We observe that with increasing disorder Hc2(0) monotonically decreases and smoothly 
connects to Hp for the samples in regime III, providing a further confirmation of the 
superconducting origin of the MR peak.  
IV. Summary 
 To summarize, we have shown how with increase in disorder, a 3D conventional 
superconductor, NbN, evolves from a BCS superconductor in the moderately clean limit, to a 
situation where the destruction of the superconducting state is governed by strong phase 
fluctuations. Based on transport and STS measurements on 3D films spanning a large range of 
disorder, we construct a phase diagram where we can identify the dominant interactions in 
different regimes of disorder: (i) The intermediate disorder regime, where Tc decreases due to a 
gradual weakening of the pairing interaction; (ii) a strongly disordered regime, where Tc is 
governed by a decrease in the superfluid stiffness, though the pairing strength remains almost 
constant; and (iii) a non-superconducting ground state at even stronger disorder formed of phase 
incoherent superconducting puddles/islands. It would be worthwhile to carry out similar 
measurements on other strongly disordered superconductors such as InOx or TiN to explore the 
extent to which such a phase diagram is generic for all disordered s-wave superconductors. It 
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would also be interesting to explore to what extent such a scenario could be applicable to 
underdoped high-Tc cuprates, which share many similarities with strongly disordered s-wave 
superconductors. 
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Figures: 
 
Figure 1. (a) ρ vs. T for NbN films with different kFl; the inset shows the expanded view at low 
temperatures. (b) Variation of Tc with kFl. (c) Variation of n ( ), ρ(285K) ( ) and ρm ( ) with 
kFl.  (d) Conductivity (σ) vs. T at low temperature for the samples with kFl ~ 0.82, 0.49 and 0.42. 
The dotted lines are extrapolations to σ(T→0). 
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Figure 2. (a)-(f) Normalized tunneling spectra at different temperatures for NbN films with 
different disorder. The spectrum shown in thick line corresponds to the temperature at which the 
low bias feature in the tunneling conductance disappears. Each tunneling spectrum is averaged 
over 32 equally spaced points along a 150nm line on the sample surface. (g)-(l) The spectra 
corresponding to (a-f) after subtracting the V shaped background. 
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Figure 3. (a)-(f) Intensity plot of Gsub(V) as a function of temperature and applied bias for 6 
different samples (upper panels) along with resistance versus temperature in the same 
temperature range (lower panels). 
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Figure 4. (a)-(f) Gsub(V) vs. V spectra along a 150nm line (measured at 2.6K) for six NbN thin 
films with different disorder. 
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Figure 5. Spatial variation of Gsub(V) vs. V spectra recorded along a 190 nm line at different 
temperatures for an NbN thin film with Tc~2.7K. Large inhomogeneity in the tunneling DOS is 
observed as we enter the pseudogap state. 
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Figure 6. Resistivity as a function of magnetic field at different temperatures for 4 strongly 
disordered NbN thin films with (a) kFl~0.42, (b) kFl~0.49, (c) kFl~0.82 and (a) kFl~1.23. The 
samples with kFl<1 show a pronounced peak in ρ-H. (e)-(f) Expanded view of (ρ(H)-ρ(H=0)) vs. 
magnetic field close to temperatures where the peak in the MR vanishes.  
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Figure 7. Phase diagram of strongly disordered NbN, showing Tc ( ) and T* ( ) as a function of 
kFl. Tc is obtained from transport measurements while T* is the crossover temperature at which 
the low bias feature disappears from the observed tunneling conductance. The samples with 
kFl<1 remain non-superconducting down to 300 mK. The three regimes with increasing disorder 
are shown as I, II, and III. A pseudogap (PG) state emerges between Tc and T* for samples with 
Tcd6K (Regime II). The temperature at which the peak in the MR vanishes for the strongly 
disordered samples (Regime III) is also shown ( ). 
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Figure 8. Superfluid stiffness (J/kB) and penetration depth (λ(T0)) for NbN films with 
different Tc. The solid line corresponds to J/kB=Tc. Regime I and regime II corresponding to the 
phase diagram is delineated by the dashed vertical line. 
 
 
 
Figure 9. Variation of Hc2(0) (for kFl>1) and Hp (for kFl<1) as a function kFl.  
 
 
